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Abstract 
Background Biomechanical data in cerebral palsy are inherently variable but no optimal model of 
translational joint constraint has been identified. The primary aim of this study was to determine 
which model of translational joint constraint resulted in the lowest within-participant variability of 
lower limb joint angles and moments. The secondary aim was to determine which model best 
distinguished known functional groups in Cerebral Palsy. Methods Three models (three degrees of 
freedom, six degrees of freedom and six degrees of freedom with specified joint translation 
constraint) were applied to data from running trials of 40 children with cerebral palsy. Findings Joint 
angle standard deviations were largest using the six degrees of freedom model and smallest using 
the constrained six degrees of freedom model (p<0.050). For all joints in all planes of motion, joint 
moment standard deviations were largest using the six degrees of freedom model and smallest using 
the constrained six degrees of freedom model; standard deviations using the constrained model 
were smaller than the three degrees of freedom model by 10-30% of moment magnitude (0.01 – 
0.03 Nm/kg; p<0.001). The six degrees of freedom models distinguished functional subgroups with 
larger effect size than the three degrees of freedom model only for hip power generation in swing. 
Interpretation A model with specified joint constraint minimised within-participant variability during 
running and was useful for detecting differences in functional capacity in cerebral palsy. 
Keywords: Biomechanics, Modelling, Gait, Kinematics, Kinetics 
 
1. Introduction 
Cerebral palsy is a term describing permanent but not unchanging disorders of movement and 
posture which result from an insult to the developing brain (Rosenbaum et al., 2007). Children with 
cerebral palsy are classified into five groups according to the Gross Motor Function Classification 
System (GMFCS) (Palisano et al., 2007). Children in GMFCS Level I are able to run, albeit with some 
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limitations, while about half the children in GMFCS level II are able to run, with more difficulty than 
those children in GMFCS level I (Böhm et al., 2018). Three-dimensional gait analysis is often 
undertaken to describe the effect of neuromuscular impairments or intervention on the gait of 
people with cerebral palsy (Böhm et al., 2018).   
Kinematic and kinetic measurements generated by three dimensional gait analysis are inherently 
variable (Chia and Sangeux, 2017). Intrinsic variability is biological and represents flexibility of the 
neuro-motor system (Barrett et al., 2008). Intrinsic variability is higher in the cerebral palsy 
population compared to the typically developing population due to neuromotor impairments 
(Klejman et al., 2010; Steinwender et al., 2000). Extrinsic variability is introduced by the data 
collection and processing workflow and includes sources of error. The most significant sources of 
error are movement of skin markers with respect to the bone, termed soft tissue artefact, and the 
assumptions of the biomechanical model (Chia and Sangeux, 2017). Extrinsic variability in a data set 
may reduce statistical power which can result in a failure to detect true differences or changes 
(Sullivan and Feinn, 2012). This is a challenge for research in cerebral palsy, where sample sizes are 
often small, and the population is heterogeneous.  
Inverse kinematics (IK) optimization is a technique proposed to reduce extrinsic variability by 
utilising modelled joint constraints (Leardini et al., 2005; Lu and O’connor, 1999), in which the 
position and orientation of the segment is calculated by minimizing the sum of squared 
displacements between the measured coordinates of all markers in the model and their modelled 
coordinates (Leardini et al., 2017). This is done according to the degrees of freedom (DoF) specified 
at each joint, termed joint constraints (Robinson et al., 2014).  Joint constraint boundaries can be 
specified to mimic physiological joint limitations and can be derived directly from in-vivo methods or 
indirectly using data from published literature (Leardini et al., 2017). In a research study with many 
participants and many time points, it may not be considered feasible to employ individual 
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biomechanical models.  A joint constraint model which can be applied to all participants at all time 
points may represent a significant efficiency, provided accuracy is maintained. 
The magnitude of specified joint constraint impacts the variability of kinematic and kinetic gait 
measures (Kainz et al., 2016). For example, Potvin and colleagues (Potvin et al., 2017) reported a 
smaller standard deviation (SD) for knee rotation angle in the transverse plane during walking when 
knee joint constraints were informed from published in-vivo data, compared to a knee model with 
no constraints. A reduction in within-participant variation due to modelling implies a reduction in 
random error due to measurement, with the assumption that biological variability is maintained 
(Hopkins, 2000). The effect of specifying joint constraint boundaries at all modelled joints on the 
within-subject variability of kinematic and kinetic gait measures during running in people with 
cerebral palsy is unknown. 
In intervention-based studies, such as in a Randomized Controlled Trial, less within-participant 
variability is desirable. For a given or difference in mean score of a biomechanical variable, smaller 
within-participant variability will result in greater effect size (Sullivan and Feinn, 2012). 
Consequently, a reduction in within-participant variability should increase the statistical power of a 
study and minimize the chance of falsely accepting the null hypothesis (Hopkins, 2000; Sullivan and 
Feinn, 2012).  
The primary aim of this study was to determine which model of translational joint constraint: Model 
IK3 (3DoF); Model IK6 (6DoF) or Model IK6Constrained (specified joint translation constraint) 
resulted in the lowest within-participant variability of lower limb joint angles and moments. A 
biomechanical model which reduces within participant SD will be important for research and clinical 
use, as it represents a greater opportunity to detect an established known difference between 
different patient categories. The secondary aim of this study was to undertake a known groups 
analysis (Davidson, 2014) to identify which model/s were most effective at distinguishing known 
functional groups GMFCS level I and level II (Verschuren et al., 2010). By calculating effect sizes for 
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the different derived variables between children who are classified as GMFCS level I and those who 
are classified as GMFCS level II using each of the three models, we aim to determine whether any of 
the models separate the GMFCS levels, or ‘known groups’ with more statistical power than the 
others. If one of the models has larger effect sizes than the others, using this model in an 
intervention study may help to avoid a Type II error. 
 Methods 
2.1 Participants 
The present study represents the results of a sub-study from a larger project investigating the effects 
of a physical training program in children with cerebral palsy (Gibson et al., 2017). Data for the 
present study came from the three-dimensional running biomechanics collected at baseline prior to 
intervention. Forty-three children with cerebral palsy (aged 9 -18 years) with GMFCS level I-II and 
who were able to run independently were recruited (Gibson et al., 2017). Three participants were 
excluded from the present study due to the absence of a flight phase during running. A sample size 
of 40 provided us with 87% power to detect an effect size of 0.5 at an alpha value of 0.05 (G*Power 
v 3.1.9.2) (Faul et al., 2009). The study was approved by the Ethics Committees of Princess Margaret 
Hospital for Children, Perth, Western Australia (201405SEP) and Curtin University, Perth, Western 
Australia (HR 219/2014).  
2.2 Data Collection 
One experienced physiotherapist applied a modified Cleveland Clinic Foundation marker protocol 
(Sutherland, 2002) (Table 1). Participants wore their usual sport shoes and foot markers were placed 
on the shoes over the relevant landmarks. Participants were not allowed to use orthoses extending 
above the malleoli. Participants were asked to run at three speeds, 1) jog “like a warm-up”, 2) run 
“faster but not your fastest”, and 3) “sprint like you are in a race”, along a 30m runway. At least five 
trials at each speed were collected unless the participant was too fatigued to continue. A two-
minute sitting break was permitted between speeds if required. Kinematic data were recorded by an 
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18-camera motion capture system at 250Hz (Vicon T-series, Oxford Metrics, UK). Synchronized 
ground reaction forces were collected at 1000Hz using three in-ground force platforms in series 
(AMTI, Watertown, MA, USA). Marker trajectories were labelled and filled using Vicon Nexus 2.5 
(Vicon Motion Systems, Oxford, UK). 
2.2 Data processing 
All data were processed using Visual 3D version 6 (C-Motion, Inc.). Kinematic and force plate data 
were filtered at 18 Hz using a zero-lag 4th order low-pass Butterworth filter following residual 
analysis (Yu et al., 1999). Three IK models were created from the same conditioned data, the only 
difference between models being the magnitude of the joint constraints applied (Table 2). All trials 
were processed using each of the three models described in Table 2. Model IK3 allowed 3DoF at 
each joint; flexion/extension, abduction/adduction and internal/external rotation with no translation 
permitted. Model IK6 allowed 6DoF without joint constraints; flexion/extension, 
abduction/adduction, internal/external rotation, medial/lateral translation, anterior/posterior 
translation and inferior/superior translation. Model IK6Constrained also allowed 6DoF but with 
specified joint translation constraints derived from the literature (Section 2.2.1). 
2.2.1 Joint constraint parameters 
Femoral head translation in healthy adults has been reported to be less than 4mm (Gilles et al., 
2009). Children and adolescents with cerebral palsy GMFCS level I or II who are able to run, are at 
low risk of hip displacement (Kentish et al., 2011; Robin et al., 2009) but may have more hip joint 
translation than typically developing children (Kentish et al., 2011; Robin et al., 2009). Hence, 5mm 
of hip joint translation was permitted in model IK6Constrained (Table 2). There is less agreement in 
the research literature with respect to knee joint translation amplitude, but knee joint translation is 
consistently reported as greater in the anterior-posterior direction than medial-lateral direction in 
healthy adults (Sheehan et al., 2008), which was reflected in Model IK6Constrained (Table 2). There 
was diversity in reporting of ankle joint translations in healthy adults, including both the activity 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
7 | P a g e  
 
(walking versus seated ankle plantarflexion/dorsifleixon) and the joints assessed (talocrural, talus 
relative to tibia or calcaneus relative to tibia) (de Asla et al., 2006; Imai et al., 2009; Sheehan et al., 
2007). Ankle translations measured during walking (de Asla et al., 2006) were chosen for 
incorporation into Model IK6Constrained (Table 2) as data for running have not been reported. 
2.2.2 Kinematics and Kinetics 
For each model, pelvic segment angle, joint angles for hip, knee and ankle and net internal joint 
moments for the hip, knee and ankle were calculated for each trial in three planes (sagittal, frontal 
and transverse) and time normalized to 101 points from initial contact to initial contact of the same 
limb. For ankle, knee and hip joint angles an X-Y-Z (flexion-extension, abduction-adduction, internal-
external rotation) cardan sequence was used, whilst for the pelvic segment angle a Z-Y-X sequence 
was used (Baker, 2001; Cole et al., 1993). Inertial and geometric properties of the segments were 
based on previously published models (Dempster, 1955; Hanavan Jr, 1964). A regression equation 
was used to calculate hip joint centres (Bell et al., 1989). Knee and ankle (talocrural) joint centres 
were calculated using the proximal joint centre and the midpoint between the medial and lateral 
femoral condyles, and malleoli respectively. Joint centres were located on the proximal end of the 
distal segment. The inferior-superior axis of each segment coordinate system lay along a vector 
connecting the joint centres. Each segment coordinate system was created using the anatomical 
plane and defined joint centres (O'Connor and Bottum, 2009; Palmieri-Smith et al., 2009). 
Joint moments were resolved in the coordinate system of the proximal segment (Williams et al., 
2004). Force plate threshold was set at 20N with foot on and foot off detected automatically. Gait 
events occurring off the force plates were automatically detected based on the axial and 
anteroposterior position of the proximal end of the foot for initial contact and the distal end of the 
foot for toe-off (Stanhope et al., 1990).  
2.2.3 Within-participant, within-session variability 
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Data were grouped by speed (jog, run, sprint) and the between-trial standard deviations (SDs) 
calculated for each data point for each participant at each of the three running speeds for each of 
the three models (Kainz et al., 2017). The average SD across the gait cycle for each joint angle and 
moment was retained as a dependent variable (n=42 for each model at each speed for each subject). 
2.3 Statistical Analysis 
2.3.1 Within-participant variability 
Natural log transformations were performed on joint angle SDs to correct right skewedness. Joint 
moment data were separated into stance and swing phases as these data were quite distinct. Two-
step transformations to normality using the inverse distribution function were performed on stance 
and swing joint moment SDs to correct right skewedness. The transformed data were then analyzed 
in Statistical Analysis Software version 9.4 (SAS Institute Inc., Cary, NC, USA) using linear mixed 
models with fixed effects joint, model and gait phase (stance or swing) and random effects subject 
and speed. Interactions between fixed effects were excluded when not significant with alpha set at 
0.05. Covariances were modelled as compound symmetry.  
2.3.2 Known Groups Analysis 
Known groups analysis was undertaken with participants classified as GMFCS level I or GMFCS level 
II. Derived variables considered pertinent to running were included; peak ankle, knee and hip power 
absorption in stance phase (A1, K1 and H2 respectively), peak ankle, knee and hip power generation 
in stance phase (A2, K2 and H1 respectively) and peak hip power generation in swing phase (H3).  
Spatiotemporal variables were not included as these were not expected to change depending on the 
IK model. Hedges g was calculated for all variables for the three models.  Hedge’s g is the most 
appropriate measure of effect size where sample size is less than 20 and the two sample sizes are 
different (Lakens, 2013). Hedge’s g was thus considered most appropriate for this analysis of GMFCS 
level I (n=25) and GMFCS level II (n=15).  
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3 RESULTS 
3.1 Participants 
Forty-three participants were recruited to the study. Three were excluded from the analysis due to 
the absence of a flight phase. Participants were aged 12.69 years (SD=2.7 years); 25 males and 15 
females; 25 GMFCS level I and 15 GMFCS level II; 21 bilateral cerebral palsy and 19 unilateral 
cerebral palsy. Two participants completed jog trials only. Three participants completed jog and run 
trials only. Of those who completed sprint trials, 13 completed three sprint trials, 14 completed four 
sprint trials and 8 completed five or more sprint trials. 
3.2 Model performance 
The IK6 and IK6C joint translations are reported in Table 2. The unconstrained 6DoF model resulted 
in larger joint translations than the constrained 6DoF model, especially at the hip.  
3.3 Joint Angles  
In general, the IK6 model resulted in the largest joint angle SDs and the IK6Constrained model 
resulted in the smallest joint angle SDs. The model applied only influenced pelvis segment angle in 
the frontal plane where both IK3 SDs and IK6Constrained SDs were 1.1⁰ smaller than IK6 SDs 
(p<0.001 and p<0.001) (Figures 1 and 2). At the hip, IK6Constrained SDs were 0.6⁰ smaller than IK3 
SDs in the sagittal plane (p=0.003) and 0.7⁰ smaller in the transverse plane (p<0.001), but not 
different in the frontal plane (p=0.425). IK3 SDs were smaller than IK6 SDs in all planes (sagittal 
p=0.026, frontal p<0.001 and transverse p<0.001) (Figure 1).  At the knee, IK6Constrained SDs were 
0.2⁰ smaller than IK3 SDs in the frontal (p=0.038) transverse planes (p<0.001), but not different in 
the sagittal plane (p=0.393). IK3 SDs were smaller than IK6 SDs in all planes (sagittal p<0.001, frontal 
p<0.001 and transverse p<0.001) (Figure 1).  At the ankle, IK6Constrained SDs were 0.1⁰ smaller than 
IK3 SDs in the frontal plane (p=0.038) and 0.5⁰ smaller in the transverse plane (p<0.001), but not 
different in the sagittal plane (p=0.216). IK3 SDs were smaller than IK6 SDs in the sagittal plane 
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(p<0.001) but not different in the transverse plane (p=0.725). In the frontal plane there was no 
difference between IK6Constrained and IK6 (p=0.135) or IK6 and IK3 (p=0.558) (Figures 1 and 2).  
3.3 Joint Moments 
For all joints in all planes of motion, IK6Constrained SDs were smaller than IK3 by 10-30% (0.01 – 
0.03 Nm/kg (p<0.001 for each joint in each plane)) and IK3 SDs smaller than IK6 by 22-33% (0.03 – 
0.13 Nm/kg (p<0.001 for each joint in each plane)) (Figures 2 and 3).  
3.4 Speed 
Speed (jog/run/sprint) did not have a significant effect in the linear mixed models. 
3.5 Hedges g Effect Sizes 
Large effect sizes (g>0.8) were found for A1, A2 and H2 for all IK models. Medium effect sizes 
(0.5>g<0.8) were found for K2 and H1 for all IK models. Small effect sizes (0.2>g<0.5) were found for 
K1 for all IK models. For H3, effect size was small for model IK3 (0.48) and medium for IK6 (0.58) and 
IK6Constrained (0.72)(Figure 4). 
DISCUSSION 
The main finding of this study was that specified joint constraint boundaries resulted in small but 
significant reductions in within-participant variability of estimated joint angles and moments at the 
ankle, knee and hip compared to the IK3 and IK6 models. The second main finding was that specified 
joint constraint boundaries resulted in a larger effect size when separating GMFCS levels I and II for 
hip power generation in swing, compared to the other two models. 
Kinematic and Kinetic Variability 
Extrinsic variability is introduced to a data set through the data collection and processing workflow 
and includes sources of error (Chia and Sangeux, 2017). Large amounts of extrinsic variability reduce 
statistical power and make it more difficult to identify true differences between groups, or between 
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time points in a given population (Hopkins, 2000). In this study, only the joint constraint boundaries 
were manipulated, so any reduction in variability can be confidently attributed to a reduction in 
extrinsic variability, which is desirable. Reducing extrinsic variability increases the likelihood of 
identifying true differences between groups or changes over time due to natural progression or 
intervention. 
Overall, the IK6 model resulted in the greatest within-participant variability in both kinematics and 
kinetics. In a six DoF joint model, soft tissue artefact can result in overestimation of joint translation 
including apparent joint dislocations (Kainz et al., 2016; Leardini et al., 2005; Ojeda et al., 2016), 
which may explain the greater extrinsic variability. Compared to the IK3 model, the IK6Constrained 
model resulted in smaller within-participant variability for all joint moments, for joint angles in the 
transverse plane and knee joint angle in the frontal plane. Constraining a joint to three DoF can 
potentially mitigate soft tissue artefact by removing joint centre translation (Leardini et al., 2017), 
however assuming adjacent segments are pinned together also introduces error (Schmitz et al., 
2016). Utilising joint constraint boundaries to allow restricted joint centre translation may explain 
why the IK6Constrained model resulted in lower variability than both the IK3 model and the IK6 
model. This explanation is consistent with the findings of Potvin and colleagues (Potvin et al., 2017), 
who reported a smaller range of knee rotation using five DoF with bone-pin informed constraint 
compared to using five DoF without informed joint constraint boundaries in walking in healthy 
adults. The finding is important because both running gait and cerebral palsy are associated with 
high intrinsic variability (Estep et al., 2016; Klejman et al., 2010; Steinwender et al., 2000) and it has 
traditionally been difficult to recruit large numbers to studies in this population due to the 
heterogeneity of their clinical presentation. Minimising extrinsic variability is therefore important to 
improve statistical power in research studies in this population. 
At the ankle, our IK3 joint angle SDs were similar or smaller in the sagittal and transverse planes to 
those reported using a three DoF model in healthy adult walking (Charlton et al., 2004; Schmitz et 
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al., 2016), but larger in the frontal plane than those reported in healthy adults walking (Charlton et 
al., 2004) or running (Hamacher et al., 2016) and larger than those reported in chronically unstable 
ankles while running (Hamacher et al., 2016). As the ankle joint complex consists of both the talo-
crural joint and the subtalar joint, modelling it as a single joint is less realistic and therefore increases 
error in estimation of the position and orientation of the segment (Leardini et al., 2017). This may be 
magnified in children with cerebral palsy in whom ankle malalignment, instability and spasticity may 
all increase multi-planar movements at the ankle complex (Davids, 2010). Our medio-lateral ankle 
joint translation boundaries were based on healthy adult data as this was the most relevant data 
available. These boundaries may have been too restrictive, resulting in increased error. 
Our IK6Constrained model resulted in joint moment SDs 0.02-0.03Nm/kg smaller than the IK3 
model, which equates to a change of 10-30% of moment magnitude. Allowing a constrained amount 
of joint translation may permit the joint centre to be more accurately located during kinetic 
calculations, thereby reducing extrinsic variability. Joint moment SDs were larger than previously 
published studies of walking in healthy participants using three DoF joint models (Sangeux et al., 
2016; Wong et al., 2010) but this is not surprising given joint moments are larger and more variable 
in running compared to walking (Estep et al., 2016; Novacheck, 1998), and more variable in children 
with cerebral palsy than typically developing children (Klejman et al., 2010; Steinwender et al., 
2000). Potvin and colleagues (Potvin et al., 2017) reported a smaller effect of joint model DoF on 
joint moments compared to joint angles in walking, whereas the present study has found a 
significant reduction in all joint moment SDs using the IK6Constrained model. This may be because 
the IK6Constrained model incorporates joint constraint boundaries at all three lower limb joints, 
whereas Potvin and colleagues only specified joint constraint boundaries at the knee (Potvin et al., 
2017). The effect of reducing error by using the IK6Constrained model may also have a magnified 
effect on force calculations due to the greater forces associated with running compared with walking 
(Smale et al., 2017).  
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From a clinical perspective, the effect of specified joint translation constraint on kinetics is perhaps 
more meaningful than the effect on kinematics (McGinley et al., 2009). For example, ankle push-off 
plantarflexor moment in this cohort ranges from 1 Nm/Kg during jogging to 3.5 Nm/Kg during 
sprinting. A reduction in SD of 0.1 Nm/kg in ankle push-off therefore equates to up to 10% reduction 
during a critical phase for forward propulsion. As the magnitude of clinically significant differences 
are yet to be defined, it is important to select the most sensitive methods available in both the 
research and clinical settings (Allison and Fukushima, 2003). 
Effect Sizes 
In the known groups analysis all three models had medium-to-large effect sizes when discriminating 
between GMFCS level I and II for peak power absorption and generation in stance phase, except for 
power absorption at the knee, which had a small effect size for all three models. The notable 
exception was for hip power generation in swing phase, where the IK3 model had a small effect size 
and both IK6 and IK6Constrained models had a medium effect size. This may mean that for research 
questions relating to the swing phase of running, six DoF models provide a larger effect size in a 
group-by-time interaction.  Therefore, the number of participants required to be recruited will be 
less using a six DoF model. During swing phase of running the hip is moved rapidly through a large 
arc of movement (Novacheck, 1998) and thus is subject to high levels of soft tissue artefact (Peters 
et al., 2010). The application of joint constraints is one potential method to reduce the effect of soft 
tissue artefact but is dependent on the joint constraints specified (Leardini et al., 2017; Potvin et al., 
2017).  Our findings suggest that applying joint translation constraints appropriate for children with 
cerebral palsy can reduce the effect of measurement error on skeletal movement.  The ability to 
generalise these findings across different diagnostic groups mediated by the phase of running may 
warrant further research.  
Limitations 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
14 | P a g e  
 
The main limitation of this study is that we did not have a gold standard with which to evaluate the 
accuracy of the three models, thus the mechanism by which joint translation constraint reduces 
within-participant variability cannot be determined. However, using bone-pins in this population is 
invasive and difficult to justify. Calculation of marker residuals and knee joint kinematic cross-talk 
would add to our understanding of the accuracy of a 6DoF model with specified joint constraints but 
was beyond the scope of this paper. This field remains an avenue for further research.  
The joint constraint boundaries used in the present study were extracted from the research 
literature, rather than subject-specific in-vivo measures. The boundaries were applied to all subjects, 
as this may be preferable in a study with many participants and many time points. In clinical gait 
analysis when the individual is the focus, joint constraint boundaries which consider individual 
variations in bony geometry, ligamentous laxity and muscle length may be preferred (Lenaerts et al., 
2008; Smale et al., 2017). However, there will be situations where time or resources exclude the 
possibility of individual modelling. In these circumstances, a 6DoF model with prescribed joint 
boundaries may be considered. 
Conclusion 
The application of specified joint constraint boundaries to an IK model reduces within-participant 
variability of kinetic and kinematic data during running in children and adolescents with cerebral 
palsy and results in greater sensitivity in the detection of between-group differences, particularly in 
the swing phase of running.  
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Figure 1 Mean Joint Angle SDs 
Figure 2 Comparison of hip, knee and ankle angles and moments from three models within a subject; 
mean (solid line) and standard deviation (shaded) 
Figure 3 Mean Joint Moment SDs 
Figure 4. Known Groups Analysis: Hedge’s g Effect Sizes 
Table 1: Marker Set 
SEGMENT ABBREVIATION PLACEMENT/FULL NAME Anatomical Tracking 
Foot 
RMT1, LMT1 Right/Left 1
st
 metatarsal head   
RMT5, LMT5 Right/Left 5
th
 metatarsal head   
RCAL, LCAL Right/Left calcaneus (middle of posterior aspect)   
Shank/leg 
RMMAL, LMMAL Distal end of tibia, medial malleolus   
RLMAL, LLMAL Distal end of fibula, lateral malleolus   
RTB1, LTB1 
RTB2, LTB2 
RTB3, LTB3 
Right/Left Tibia: Long bar runs along tibia axis and the short 
bar wraps laterally. 
  
Thigh 
RMFC, LMFC Right/Left Medial Femoral Condyle   
RLFC, LLFC Right/Left Lateral Femoral Condyle   
RTH1, LTH1 
RTH2, LTH2 
RTH3, LTH3 
Right/Left Thigh: Long bar runs along Iliotibial band and 
short bar wraps anteriorly 
  
Pelvis 
RASI, LASI Right/Left Anterior Superior Iliac Spine   
RPSI, LPSI Right/Left Posterior Superior Iliac Spine   
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Table 2: IK Models 
Mod
el 
POSE 
filter 
frequen
cy 
Optimize
r 
Segme
nt 
Weig
ht 
facto
r 
Translati
ons 
Translation Constraints  
(proximal end of distal segment 
with respect to distal end of 
proximal segment) 
Model Performance 
(Translation mean (SD)) 
IK3 6Hz Levenbe
rg 
Marquar
dt: 
default 
in Visual 
3D 
Pelvis 
RTH 
RSK 
RFT 
4 
2 
3 
4 
X Y Z 
0 0 0 
0 0 0 
0 0 0 
  
IK6 6Hz Levenbe
rg 
Marquar
dt 
Pelvis 
RTH 
RSK 
RFT 
4 
2 
3 
4 
X Y Z 
X Y Z 
X Y Z 
X Y Z 
None  
Hip  
 
 
Kne
e 
 
 
Ankl
e 
 
X 
Y 
Z 
X 
Y 
Z 
X 
Y 
Z 
 
-
17mm(17
mm) 
-
24mm(32
mm) 
-
20mm(21
mm) 
-
11mm(17
mm) 
-
7mm(13m
m) 
-
31mm(15
mm) 
-
7mm(8mm
) 
-
10mm(9m
m) 
-
11mm(9m
m) 
 
20mm(22
mm) 
21mm(15
mm) 
17mm(12
mm) 
9mm(12m
m) 
15mm(21
mm) 
1mm(14m
m) 
4mm(8mm
) 
4mm(9mm
) 
0mm(5mm
) 
IK6C 6Hz LBFGSB:  
uses an 
estimati
on to the 
inverse 
Hessian 
matrix 
for 
optimizi
ng 
variables 
subject 
to 
simple 
bounds[
1]. It is 
more 
time 
consumi
ng than 
the 
Levenbe
rg 
Marquar
dt 
optimize
r. 
Pelvis 
RTH 
 
 
RSK 
 
 
RFT 
4 
2 
 
 
3 
 
 
4 
X Y Z 
X Y Z 
 
 
X Y Z 
 
 
X Y Z 
 
Hip  
 
 
Kne
e 
 
 
Ankl
e 
 
X 
Y 
Z 
X 
Y 
Z 
X 
Y 
Z 
 
-5mm 
(lateral) 
-5mm 
(posteri
or) 
-5mm 
(inferior
) 
-15mm 
(lateral) 
-15mm 
(posteri
or) 
-20mm 
(inferior
) 
-5mm 
(lateral) 
-6mm 
(anterio
r) 
-3mm 
(inferior
) 
 
5mm 
(medial
) 
5mm 
(anteri
or) 
5mm 
(superi
or) 
10mm 
(medial
) 
15mm 
(anteri
or) 
0mm 
(superi
or) 
3mm 
(medial
) 
4mm 
(anteri
or) 
5mm 
(superi
or) 
 
Hip  
 
 
Kne
e 
 
 
Ankl
e 
 
X 
Y 
Z 
X 
Y 
Z 
X 
Y 
Z 
 
-
5mm(1mm
) 
-
5mm(1mm
) 
-
5mm(2mm
) 
-
10mm(4m
m) 
-
15mm(2m
m) 
-
20mm(7m
m) 
-
4mm(1mm
) 
-
6mm(1mm
) 
-
2mm(6mm
) 
 
5mm(1mm
) 
6mm(1mm
) 
6mm(2mm
) 
10mm(4m
m) 
12mm(5m
m) 
-
4mm(5mm
) 
4mm(1mm
) 
4mm(1mm
) 
2mm(2mm
) 
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Hz=Hertz; IK3=three degree of freedom inverse kinematic model; IK6=six degree of freedom inverse kinematic model; 
IK6C= six degree of freedom inverse kinematic model with specified joint constraint boundaries; LBFGSB= Limited-memory 
Broyden-Fletcher–Goldfarb–Shanno; mm=millimeters; POSE= Position and Orientation of a Segment; RTH=Right Thigh; 
RSK=Right Shank; RFT=Right Foot; SD=Standard Deviation;  
 
[1] Zhu C, Byrd RH, Lu P, Nocedal J. Algorithm 778: L-BFGS-B: Fortran subroutines for large-scale bound-constrained 
optimization. ACM Trans Math Softw. 1997;23:550-60. 
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Highlights 
 
 A 6DoF biomechanical model with customised joint constraints is described 
 Customised joint translation constraints decrease extrinsic variability 
 This results in a larger effect size for hip power generation in swing 
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